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NONVOLATILE SEMICONDUCTOR
STORAGE DEVICE AND MANUFACTURING
METHOD THEREFOR

CROSS-REFERENCE TO RELAT
APPLICATION

T
»

This 1s a division of application Ser. No. 11/224,049, filed
Sep. 13, 2005, now U.S. Pat. No. 7,489,006 which 1s 1ncor-
porated herein by reference.

This application 1s based upon and claims the benefit of

priority from the prior Japanese Patent Applications No.
2005-86803, filed on Mar. 24, 2005, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a nonvolatile semiconduc-
tor storage device and manufacturing method therefor.

2. Background Art

Since a NAND-type flash memory leaves bit line control to
a selection transistor, 1t can be made smaller 1n cell area than

a NOR-type flash or DRAM. Thus, NAND-type flash memo-
ries can be manufactured at a low cost.

However, as NAND-type tlash memories are being minia-
turized, the spacing between memory cells (the width of an
STT) decreases with a decrease 1n size of memory cells. This
produces the proximity effect in memory cells and causes
interference between memory cells. Interference between
memory cells acts to average the potentials of adjacent tloat-
ing gate electrodes. Accordingly, a threshold difference
(AV ..,) narrows between a state wherein data 1s written and a

state wherein data 1s erased, thus resulting 1n a data write
failure.

SUMMARY OF THE INVENTION

An advantage of an aspect of the present mvention 1s to
provide a nonvolatile semiconductor storage device which
reduces interference between memory cells caused by min-
1aturization and can easily control the capacitive coupling
ratio between the memory cells 1n order to solve the above-
described problem.

A nonvolatile semiconductor storage device according to
an embodiment of the present mvention comprises a semi-
conductor substrate; a plurality of 1solation regions formed 1n
the semiconductor substrate; an element-forming region
formed between adjacent 1solation regions; a first gate 1nsu-
lating film provided on the element-forming region; a floating
gate electrode which i1s provided on the first gate mnsulating
f1lm and 1n which a width of a lower hem facing the element-
forming region 1s narrower than a width of the element-
forming region 1n a section taken 1n a direction perpendicular
to a direction 1n which the 1solation regions extend; a second
gate insulating film provided on the floating gate electrode;
and a control gate electrode provided on the second gate
insulating film.

A nonvolatile semiconductor storage device according to
an embodiment of the present mvention comprises a semi-
conductor substrate; a plurality of 1solation regions formed 1n
the semiconductor substrate; an element-forming region
formed between adjacent 1solation regions; a first gate nsu-
lating film provided on the element-forming region; a tloating
gate electrode provided on the first gate mnsulating film; a
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2

second gate insulating film provided on the tloating gate
clectrode; and a control gate electrode provided onthe second
gate msulating film,

wherein a width of at least a part of a body of the element-
forming region 1s narrower than a width of a top surface of the
clement-forming region 1n a section taken in a direction per-
pendicular to a direction 1 which the 1solation regions
extend.

A manufacturing method of a nonvolatile semiconductor
storage device according to an embodiment of the present
invention comprises forming a first gate msulating film on a
semiconductor substrate; depositing a material for tloating
gate electrodes on the first gate isulating film; forming a
plurality of trenches which extend through the material for the
floating gate electrodes and the first gate msulating film and
reach the semiconductor substrate; etching side walls of the
material for the floating gate electrodes to form the floating
gate electrodes such that a lower hem of the matenal for the
floating gate electrodes facing an element-forming region 1s
narrower than a width of a surface of the element-forming
region 1n a section taken in a direction perpendicular to a
direction 1n which the trenches extend; forming second gate
insulating films on the floating gate electrodes; and forming
control gate electrodes on the second gate 1nsulating films.

A manufacturing method of a nonvolatile semiconductor
storage device according to an embodiment of the present
invention comprises forming a first gate insulating film on a
semiconductor substrate; depositing a material for floating
gate electrodes on the first gate isulating film; forming a
plurality of trenches which extend through the materal for the
floating gate electrodes and the first gate insulating film and
which reach the semiconductor substrate, and forming an
clement-forming region 1n which a width of at least a part of
a body 1s narrower than a width of a top surface 1n a section
taken 1n a direction perpendicular to a direction 1n which the
trenches extend; forming a second gate insulating film on the
material for the floating gate electrodes; and forming a control
gate electrode on the second gate msulating film.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 15 a plan view of a NAND-type tlash memory 100
according to the first embodiment of the present invention;

FIG. 2(A) 1s a sectional view taken along the line A-A
shown 1n FIG. 1;

FIG. 2(B) 1s a sectional view taken along the line B-B
shown FIG. 1;

FIG. 3 1s a sectional view showing a method of manufac-
turing the memory 100;

FIG. 4 15 a sectional view showing a method of manufac-
turing the memory 100 following FIG. 3;

FIG. 5 15 a sectional view showing a method of manufac-
turing the memory 100 following FI1G. 4;

FIG. 6 15 a sectional view showing a method of manufac-
turing the memory 100 following FIG. 5;

FIG. 7 15 a sectional view showing a method of manufac-
turing the memory 100 following FIG. 6;

FIG. 8 1s a sectional view showing a method of manufac-
turing the memory 100 following FIG. 7;

FIG. 9 1s a sectional view of a conventional NAND-type
flash memory 1n the channel width direction;

FIG. 10 1s a sectional view of the NAND-type flash
memory 100 according to the first embodiment in the channel

width direction DW;

FIG. 11 1s a sectional view showing the second modifica-
tion of the first embodiment according to the present mnven-
tion;
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FIG. 12 1s a sectional view showing a method of manufac-
turing a NAND-type flash memory according to the second
embodiment of the present invention;

FIG. 13 1s a sectional view showing a method of manufac-
turing the memory following FI1G. 12;

FI1G. 14 1s a sectional view showing a method of manufac-
turing the memory following FI1G. 13;

FIG. 15 1s a sectional view showing a modification of the
second embodiment according to the present invention;

FI1G. 16 1s a sectional view showing a method of manufac-
turing the memory following FI1G. 15;

FI1G. 17 1s a sectional view showing a method of manufac-
turing the memory following FI1G. 16;

FIG. 18 1s a sectional view showing a method of manufac-
turing the memory following FI1G. 17;

FIGS. 19(A) and 19(B) are sectional views of a NAND-
type tlash memory 200 according to the third embodiment of
the present invention;

FI1G. 20 1s a sectional view showing a method of manufac-
turing the memory 200;

FI1G. 21 1s a sectional view showing a method of manufac-
turing the memory following FI1G. 120;

FIG. 22 1s a sectional view showing an area where an
off-leak current flows:

FIGS. 23(A) and 23(B) are sectional views of a NAND-
type flash memory 300 according to the fourth embodiment
of the present 1nvention;

FIG. 24 1s a graph showing the relationship between a
self-potential V - of floating gate electrodes FG and a drain
current Id which flows between diffusion layers 40;

FI1G. 25 1s a sectional view showing a method of manufac-
turing the memory 300;

FI1G. 26 1s a sectional view showing a method of manufac-
turing the memory 300 following FI1G. 25;

FI1G. 27 1s a sectional view showing a modification of the
recess C;

FI1G. 28 1s a sectional view of a memory 400 according to
the fifth embodiment of the present invention;

FI1G. 29 1s a sectional view showing a method of manufac-
turing the memory 400;

FIG. 30 1s a sectional view showing a method of manufac-
turing the memory 400 following FI1G. 29;

FIG. 31 1s a sectional view showing a method of manufac-
turing the memory 400 following FI1G. 30;

FIGS. 32(A) and 32(B) are sectional views showing a
modification of a fifth embodiment; and

FIG. 33 1s a sectional view showing a floating gate FG

formed to have a T-shape as any one of modifications of the
second to the fourth embodiments.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments according to the present mvention will be
explained below with reference to the drawings. These
embodiments are not intended to limit the present invention.
The drawings schematically show practical devices and are
not made to scale.

First Embodiment

FI1G. 1 1s aplan view of a NAND-type tlash memory 100 (to
be also simply referred to as the memory 100 hereinafter)
according to the first embodiment of the present invention.
The memory 100 comprises bit lines BL, selection gate elec-
trodes SG, floating gate electrodes FG, control gate elec-
trodes CG, and STIs (Shallow Trench Isolations) as 1solation
regions. Since the selection gate electrodes SG are provided,
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cach memory cell need not be provided with one or more of
the bit lines BL. Consequently, the NAND-type tlash memory
100 1s more favorable to miniaturization than a DRAM or
NOR-type flash memory.

Generally, in a NAND-type flash memory which does not
require formation of a bit-line contact for each bit, the spacing
between adjacent ones of the floating gate electrodes FG
decreases along with miniaturization of devices. As described
above, this causes enhancement of the proximity etiect.

FIG. 2(A) 1s a sectional view taken along the line A-A
shown in FIG. 1; and FI1G. 2(B) 1s a sectional view taken along
the line B-B shown FIG. 1. The memory 100 comprises a
semiconductor substrate 10, active areas AA serving as ele-
ment-forming regions, first gate insulating films (tunnel 1nsu-
lating films) 20, the floating gate electrodes FG, second gate
insulating films 30, the control gate electrodes CG, and dii-
fusion layers 40.

As shown 1n FIG. 1, the plurality of ST1s are formed in the
semiconductor substrate 10 1n stripes and act as 1solation
regions. Each active area AA 1s provided between corre-
sponding adjacent ones of the STIs. Each first gate insulating
f1lm 20 1s provided on the corresponding active area AA. Each
floating gate electrode FG 1s provided on the corresponding
first gate insulating film 20. Each second gate imnsulating film
30 1s provided on the corresponding floating gate electrode
FG. Each control gate electrode CG 1s provided on the corre-
sponding second gate msulating film 30.

As shown 1n FIG. 2(B), each diffusion layer 40 1s formed
on the surface of the corresponding active area AA between
corresponding adjacent ones of the floating gate electrodes
FG. Let L be the channel length between adjacent ones of the
diffusion layers 40. Let W be the channel width, as shown 1n
FIG. 2(A). A channel length direction D, 1s a direction 1n
which the STIs extend and in which charges flow between the
diffusion layers 40. A channel width direction D, 1s orthogo-
nal to the channel length direction D, .

As shown in FIG. 2(A), tapers TP are formed at sides of the
tfloating gate electrodes. For this reason, the width of the lower
hem of each floating gate electrode FG facing the correspond-
ing active area AA 1s narrower than that of the active area AA
in a section taken along with the channel width direction D ;..
In other words, the lower hem of each floating gate electrode
FG 1s formed to have a width narrower than the channel width
W. As aresult, as will be described later, the proximity effect
between memory cells can be suppressed. Each taper TP 1s
desirably formed across each of parts of respective sides of
the floating gate electrodes FG for adjacent bits, between
which the corresponding control gate electrode CG 1s not
sandwiched.

FIGS. 3 to 8(B) are sectional views showing the flow of a
method of manufacturing the memory 100 according to the
embodiment of present invention. FIGS. 3 to 7 show a section
taken 1n a direction along the line A-A 1n FIG. 1 (channel
width direction D). FIGS. 8(A) and 8(B) show a section
taken 1n a direction along the line B-B 1n FIG. 1 (channel
length direction D, ). Note that although each taper TP 1s
provided across a side wall (Ifrom the top surface to the bottom
surface) of the corresponding floating gate electrode 1n this
manufacturing method, effects obtained by the method are
the same as those obtained by the memory (see FIG. 2(A)) in
which the tapers TP are provided only at the lower portions of
the floating gate electrodes.

First, as shown in FIG. 3, a material for the first gate
insulating films 20, a material for the floating gate electrodes
F@G, and a mask material 15 are formed in this order on the
semiconductor substrate 10. The material for the first gate
insulating films 20 1s formed by, e.g., directly oxidizing the
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semiconductor substrate 10 or depositing S10, thereon. The
tfloating gate electrode material (FG) and mask material 15 are
formed by, e.g., CVD (Chemical Vapor Deposition). After
gate patterning, trenches 12 shown in FIG. 4 are formed. Each
trench 12 1s so formed as to extend through the material for the
floating gate electrodes FG and that for the first gate insulat-
ing films 20 and reach the semiconductor substrate 10. This
causes side walls of the floating gate electrodes FG to appear
inside the trenches 12. The trenches 12 are formed by, e.g.,
RIE using the mask material 135 as a mask.

Then, one of two side walls of each floating gate electrode
FG 1s anisotropically etched in an inclined direction with
respect to the side wall. More specifically, the side wall 1s
etched 1n a direction inclined, toward the channel width direc-
tion D, from a direction heading from above the semicon-
ductor substrate 10 toward the surface of the semiconductor
substrate 10. This etching will also be referred to as “oblique
etching” hereinatter. Oblique etching may be implemented
using, ¢.g., RIE. With this operation, each taper TP 1s formed

at one of two side walls of the corresponding floating gate
electrode FG, as shown 1n FIG. 5.

Similarly, the other of the two side walls of the floating gate
clectrode FG 1s anisotropically etched in a direction inclined
with respect to the other side wall. With this operation, the
tapers TP are formed at the two side walls of the floating gate
electrodes F@G, as shown 1n FIG. 6.

Then, as shown 1n FIG. 7, aninsulator 17 1s deposited in the
trenches 12. The msulator 17 1s made of, e.g., a silicon dioxide
film like the first gate mnsulating films 20. At this time, the
insulator 17 1s deposited to the top surtaces of the tloating gate
clectrodes FG and then 1s etched back haltway along side
walls of the floating gate electrodes FG. The mask material 15
shown 1n FIG. 6 1s also removed by the etch-back.

The second gate insulating films 30 are formed on the
floating gate electrodes FG. Then, a material for the control
gate electrodes CG 1s deposited on the second gate insulating
films 30. Since the isulator 17 has been etched back haltway
along the side walls of the floating gate electrodes FG, the
maternal for the control gate electrodes CG enters, 1in a seli-
aligned manner, between side walls of adjacent ones of the
floating gate electrodes FG.

As shown 1n FIG. 8(A), the control gate electrodes CG and
floating gate electrodes FG are etched using photolithography
and RIE. Note that FIG. 8(A) shows a section of the device
taken in the channel length direction D,. In this step, the
floating gate electrodes FG are separated from each other
such that each of memory cells MC1s provided with one of the
floating gate eclectrodes FG. Then, impurities are 1on-1m-
planted into the active areas AA, and annealing 1s performed,
thereby forming the diffusion layers 40. A protective film 19
1s Turther deposited. After that, contacts, wiring, and the like
are formed using a known method, and the memory 100 1s
completed.

FIG. 9 1s a sectional view of a conventional NAND-type
flash memory in the channel width direction; and FIG. 10 1s a
sectional view of the NAND-type tlash memory 100 accord-
ing to the first embodiment 1n the channel width direction D ;.
FIGS. 9 and 10 are exaggerated for ease of understanding.

Referring to FIG. 10, a condition to be met by the shape of
a section ol each floating gate electrode FG taken in the
channel width direction D;;- will be explained. The sectional
shape of the floating gate electrode FG preferably satisfies
Formula 1:
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v  Hpo — Hside v  Hpgn — Hside |Formula 1]
: < tanf < — -
W 1_E_TG}( l_ﬁ_Tﬂx
JB Tonvo @ Towno

where H.- represents the height (thickness) of each floating
gate electrode FG; and H_, , , the thickness of a portion, of a
side wall of the floating gate electrode FG, at which the
corresponding taper TP 1s not formed. In the memory 100
shown in FIG. 10, H_, . 1s zero. However, even when H_, . 1s
more than zero like the floating gate electrodes FG shown 1n
FIG. 2(A), this embodiment does not lose its etfects. In For-
mula 1, O represents an angle which each taper TP forms with
respect to the surface of the corresponding active area AA;
T 1, the thickness of the first gate insulating films; T 5, the
thickness of the second gate insulating films 30; and W, a gate
width. Also, o represents the lower limit of a capacitive cou-
pling ratio (C,=C,/(C,+C,), where C, and C, respectively
represent the capacitances of the first and second gate 1nsu-
lating films) to be controlled; and p, the upper limit of the
capacitive coupling ratio to be controlled. If two side walls of
cach floating gate electrode FG each have the corresponding
taper TP, v 1s 2. On the other hand, 1f only one of the two side
walls of the floating gate electrode FG has the corresponding
taper TP, as 1n a modification (to be described later), v 1s 1.

Effects of the first embodiment will be explained with
reference to FIGS. 9 and 10. As described above, the prox-
imity eifect such as interference between memory cells 1s
produced by capacitive coupling between memory cells. A
capacitance 1s mversely proportional to the spacing between
two conductors facing each other across an msulator and 1s
proportional to the facing area of the conductors. The width of
an STl narrows along with miniaturization of devices.
Accordingly, a capacitance which constitutes a main factor in
the proximity effect due to mimaturization of devices 1s a
capacitance C -, between the lower portions of adjacent ones
of the floating gate electrodes FG.

Since the corresponding control gate electrode CG inter-
venes between the upper portions of the adjacent tloating gate
electrodes FG, a capacitance C,. ., does not intluence the
proximity eifect.

Minmiaturization also narrows the distance between each
floating gate electrode FG and the active area AA of the
corresponding memory cell MC adjacent to the floating gate
electrode FG. Thus, a capacitance C,., between each floating
gate electrode FG of the corresponding memory cell MC and
the active area AA of the memory cell MC adjacent to the
floating gate electrode FG 1s also a capacitance which can
cause the proximity eflect. Note that since the distance
between each floating gate electrode FG and the active area
AA of the corresponding memory cell MC adjacent to the
floating gate electrode 1s larger than that between adjacent
ones of the floating gate electrodes FG, the capacitance C,,
causes the proximity effect secondary to that by the capaci-
tance Cr ;.

The conventional memory shown 1n FIG. 9 will be com-
pared with the memory 100 according to this embodiment
shown m FIG. 10. In this embodiment, each taper TP 1s
formed at one of two side walls of the corresponding tloating
gate electrode FG. For this reason, the width of the lower hem
of each floating gate electrode FG 1s narrower than that of the
corresponding active area AA 1n the channel width direction
D .. Accordingly, the distance between adjacent ones of the
floating gate electrodes FG becomes wider than in the con-
ventional memory, thus resulting 1n a decrease 1n the capaci-
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tance C.,. The distance between the floating gate electrode
FG of one of the memory cells MC and the active areca AA of
the memory cell MC adjacent to the floating gate electrode
FG also becomes wider at the lower portion of the floating
gate electrode FG than that of the conventional memory.
Consequently, the capacitance C,, decreases. Therefore, the
proximity effect between adjacent ones of the memory cells
MC 1s suppressed.

Since the proximity effect between adjacent ones of the
memory cells MC 1s suppressed, the capacitive coupling ratio
in one of the memory cells MC can be controlled easily. For
example, letting C, be the capacitance between each tloating
gate electrode FG and the corresponding active area AA, and
C,, the capacitance between the tloating gate electrode FG
and the corresponding control gate electrode CG, a capacitive
coupling ratio C,_ can be represented by C,/(C,+C,). The
capacitive coupling ratio C, 1s an important parameter which
pertains to write/read of data to/from the memory cells MC,
and C, and C, must be larger than the capacitance Cr;; which
1s a main factor in the proximity efiect. According to this
embodiment, since the capacitance C. ., decreases, the
ranges which the capacitances C, and C, can cover widen. As
a result, 1t becomes easy to control the capacitive coupling
ratio C,. Since the facing area of each tloating gate electrode
FG and the corresponding active areca AA decreases, the
capacitance C, becomes smaller than C,. This brings about
the effect of increasing the capacitive coupling ratio C..

First Modification of First Embodiment

In the first embodiment, two side walls of each floating gate
clectrode FG are etched 1n a direction inclined toward the
channel width direction D;;, and the tapers TP are formed at
the two side walls of the floating gate electrode FG. Instead of
or 1n addition to this, 1n the manufacturing step shown in FIG.
8(A), the remaining two side walls of the floating gate elec-
trode FG may be etched in a direction inclined toward the
channel length direction D,. With this operation, the corre-
sponding tapers TP are formed at the remaining two side
walls of the floating gate electrode FG 1n a section taken 1n the
channel length direction D,. More specifically, as shown 1n
FIG. 8(B), the width of the lower hem of each floating gate
clectrode FG becomes narrower than the channel length L 1n
a section taken 1n the channel length direction D, .

According to this modification, the effects of the first
embodiment become more prominent. Also, the facing area
of each floating gate electrode FG and one of the correspond-
ing diffusion layers 40 decreases. This causes a decrease 1n
the capacitance (to be referred to as an overlap capacitance
hereinafter) between the floating gate electrode FG and the
diffusion layer 40. As a result, interference can be prevented
between adjacent ones of the memory cells MC through the
corresponding diffusion layer 40. Note that 1n forming the
tapers TP at the four side walls of the tloating gate electrodes
FG, oblique etching needs be performed four times to form
cach tloating gate electrode FG.

Second Modification of First Embodiment

FIG. 11 1s a sectional view showing the second modifica-
tion of the first embodiment according to the present mnven-
tion. In this modification, only one of two side walls of each
floating gate electrode FG 1s etched by oblique etching. As
described above, even 11 each taper TP 1s formed only at one
of two side walls of the corresponding floating gate electrode
FG, the width of the lower hem of the floating gate electrode
FG becomes narrower than the width of the corresponding
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active area AA. Accordingly, the same eflects as 1n the first
embodiment can be obtained. According to this modification,
it 1s only necessary to etch one of two side walls of each
floating gate electrode FG by RIE. Thus, the manufacturing
cost can be suppressed.

Second Embodiment

FIGS. 12 to 14 are sectional views showing the tlow of a
method of manufacturing a NAND-type flash memory 100
according to the second embodiment of the present invention.
FIGS. 12 to 14 show a section taken in a channel width
direction Dy;.. The manufacturing method according to the
second embodiment can manufacture the memory 100.

First, as shown 1n FIG. 12, a material for first gate insulat-
ing films 20, a material for floating gate electrodes FG, and a
mask material 15 are deposited 1n this order on a semicon-
ductor substrate 10. In depositing the material for the floating
gate electrodes FG, such as polysilicon, germanium 1s mixed
into a gas used in the deposition step. At this time, the mixed
amount of germanium 1s relatively large at the beginning of
the deposition step and gradually decreases. With this opera-
tion, the concentration of germanium increases from the top
surface of the material for the floating gate electrodes FG to
the bottom surface thereof.

Next, as shown in FIG. 13, gate patterning 1s performed for
the mask maternial 15, thereby removing portions within
regions 1n which STIs are to be formed. Then, trenches 12 are
formed by RIE using the mask material 15 as a mask. At this
time, since the reactivity of germanium to an etching gas 1s
higher than silicon, two side walls of each floating gate elec-
trode FG are selectively etched on the basis of the concentra-
tion of germanium. Generally, 1n RIE using a chlorine-based
gas, the etching rate increases with the increasing of germa-
nium concentration. Accordingly, the floating gate electrodes
FG each having the corresponding tapers TP at 1ts two side
walls are formed as shown 1n FIG. 14. Then, after the steps in
the first embodiment described with reference to FIGS. 7 and
8(A), the memory 100 1s completed.

According to the second embodiment, simultaneously with
the formation of the trenches 12, two side walls of each
floating gate electrode FG are etched on the basis of the
concentration of germamum. Accordingly, each taper TP can
be formed 1n a self-aligned manner at each of two side walls
of the corresponding floating gate electrode FG without any
additional etching step for forming the taper TP 1n the floating
gate electrode FG. In addition, the second embodiment has
the same eflects as in the first embodiment.

In the second embodiment, each taper TP 1s formed across
a side wall (irom the top surface to the bottom surface) of the
corresponding floating gate electrode FG. However, with the
second embodiment, the tapers TP can be formed only at the
lower portions of the floating gate electrodes, as shown 1n
FIG. 2(A). In this case, 1t 1s advisable to decrease the mixed
amount of germanium to zero halfway through the deposition
of the material for the floating gate electrodes FG. With this
operation, the concentration of germanium becomes zero at
the upper portion of each tloating gate electrode FG. As a
result, 1n the step of forming the trenches 12, each taper TP 1s
formed only at the lower portion of side walls of the corre-
sponding floating gate electrode.

Modification of Second Embodiment

The second embodiment has been explained as a method of
forming each taper TP at two side walls of the corresponding
floating gate electrode FG 1n a section taken in the channel
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width direction D,,. However, 1f etching in a direction D; 1s
performed by RIE using the same reactive gas, similar tapers
are automatically formed 1n a section taken in the direction D,
as well. If the etching 1n the direction D; 1s performed by RIE
using a reactive gas with a low reactivity to Ge, no tapers are
formed 1n a section taken 1n the direction D,. As described
above, 1n the second embodiment as well, a direction in which
tapers are formed can be selected. The second embodiment 1s
also advantageous 1n terms of manufacture 1n that there 1s no
difference in the number of steps required for RIE between a
case wherein tapers are formed in both sections taken 1n the
directions D; and D;-and a case wherein tapers are formed 1n
either one of sections taken in the directions D, and D ;.

FIGS. 15 to FIG. 18(B) are sectional views showing the
flow of a method of forming tapers in both sections taken 1n
the directions D, and D . Note that FIGS. 16(A), 17(A), and
18(A) show a section taken 1n the channel width direction D,
and FIGS. 16(B), 17(B), and 18(B), a section taken in the
channel length direction D, . After the step shown 1n FIG. 14,
the trenches 12 are filled with an insulator 17, as shown in
FIG. 15. After planarization of the insulator 17, a material for
second gate insulating films 30 1s formed on the material for
the floating gate electrodes FG. A material for the control gate
clectrodes CG 1s deposited on the material for the second gate
insulating films 30.

As shown 1n FIGS. 16(A) and 16(B), a mask material 60 1s
formed on the material for the control gate electrodes CG.
After patterning the mask material 60, the material for the
control gate electrodes CG, that for the second gate insulating
films 30, that for the floating gate electrodes FG, and that for
the first gate msulating films 20 are etched by RIE using the
mask material 60 as a mask.

With this etchung, the control gate electrodes CG which
extend 1n the channel width direction are formed, as shown in
FIGS. 17(A) and 17(B). The floating gate electrodes FG are
separated from each other such that each of memory cells 1s
provided with one of the floating gate electrodes FG. In the
etching step, since the concentration of germanium 1s high at
the lower portions of the tloating gate electrodes FG, each
taper TP 1s formed at the remaining side walls of the corre-
sponding floating gate electrode FG 1n a section taken 1n the
channel length direction D,. As a result, the tapers TP are

formed at the four side walls of the floating gate electrodes
FG.

As shown 1 FIGS. 18(A) and 18(B), impurities 1ons are
implanted into active arcas AA between the floating gate
clectrodes FG, and annealing 1s performed, thereby forming
diffusion layers 40. Then, the mask material 60 1s removed.
After that, contacts, and the like are formed using a known
method, and the memory 100 1s completed.

According to this modification, the same eflects as 1n the
first modification of the first embodiment are obtained.
According to this modification, side walls of the floating gate
clectrodes FG are etched on the basis of the concentration of
germanium, simultaneously with the etching of the material
tor the control gate electrodes CG. Accordingly, the tapers TP
can be formed 1n a self-aligned manner at the side walls of the
floating gate electrodes FG without any additional etching
step for forming the tapers TP 1n the floating gate electrodes
FG. In the manufacturing step of the floating gate electrodes
FG where the tapers TP are artificially formed as described
above, similar processes can be set up with a combination of
a reactive gas and the first element other than Ge, wherein the
first element has a reactive rate ratio different from that of Si.
Also, S1 can be replaced with the second element. A reactive
gas can be selected depending on the first and second ele-
ments.
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Third Embodiment

FIGS. 19(A) and 19(B) are sectional views of a NAND-
type flash memory 200 (to be also simply referred to as the
memory 200 hereinafter) according to the third embodiment
of the present invention. FIG. 19(A) 1s a sectional view taken
along the line A-A shown in FIG. 1; and FIG. 19(B) 1s a
sectional view taken along the line B-B shown 1n FIG. 1. In
the third embodiment, recesses C are formed 1n side walls of
active areas AA 1n a section taken 1n a channel width direction
D, as shown in F1G. 19(A). With these recesses C, the width
ol at least a part of the sides (body) of each active areca AA 1s
narrower than that of the top surface of the active area AA, 1n
a section taken 1n a direction perpendicular to a direction 1n
which STIs extend. Each recess C 1s formed at a depth equal
to that where an ofl-leak current flows 1n the active area AA.
More specifically, the depth 1s 1deally equal to or deeper than
that where an extension of a diffusion layer is located.
Accordingly, an off-leak current can be reduced, as will be
described later. The content of germanium 1n each active area
AA 1s the highest at a depth where corresponding ones of the
recesses C are formed. As described above, Ge as well as a
reactive gas can be replaced with another element to adjust the
reaction rate ratio. This makes 1t possible to easily form the
recesses C. Other components of the third embodiment may
be the same as those 1n the first and second embodiments.

FIGS. 20 and 21 are sectional views showing the flow of a
method of manufacturing the memory 200. First, a semicon-
ductor substrate 10 shown 1n FIG. 20 1s prepared. The semi-
conductor substrate 10 comprises a semiconductor bulk 11,
silicon-germanium (S1Ge) layer 16, and semiconductor layer
17. The semiconductor layer 17 1s provided on the silicon-
germanium layer 16. Each of the semiconductor bulk 11 and
semiconductor layer 17 1s made of, e.g., silicon single crys-
tals, and the silicon-germanium layer 16 1s a mixed layer of
germanium and silicon. The semiconductor substrate 10 can
be formed by 1on-implanting germanium into a silicon sub-
strate. Alternatively, the semiconductor substrate 10 may be
formed by epitaxially growing a silicon crystal with mixing
germanium on the semiconductor bulk 11 and epitaxially
growing silicon single crystals without containing germa-
nium.

Then, a material for first gate insulating films 20, a material
for floating gate electrodes FG, and a mask material 15 are
formed 1n this order on the semiconductor substrate 10, simi-
larly to the first embodiment.

As shown i FIG. 21, a plurality of trenches 12 are so
formed as to extend through the material for the floating gate
clectrodes FG, that for the first gate insulating films 20, the
semiconductor layer 17 and the silicon-germanium layer 16,
and reach the semiconductor bulk 11. The trenches 12 are
formed by, e.g., RIE using the mask material 15 as a mask.
Since the etching rate of the silicon-germanium layer 16 1s
higher than those of the semiconductor layer 17 and semicon-
ductor bulk 11, the silicon-germanium layer 16 1s selectively
ctched. As aresult, the silicon-germanium layer 16 1s laterally
etched, and the recesses C are formed 1n side walls of the
active arcas AA. After the steps in the first embodiment
described with reference to FIGS. 7 and 8(A), the memory
200 1s completed. As described above, with the silicon-ger-
mamum layer 16 1n the active areas AA, the recesses C can be
casily formed 1n side walls of the active areas AA.

Generally, as shown 1n FIG. 22, an off-leak current flows at
a depth D~ from the surface of each active area AA. The depth
D 1s about equal to or deeper than that where an extension
layer 1s located, depending on the impurity profile of the
active areca AA.
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According to the third embodiment, each recess C 1s
formed at a depth equal to that where an off-leak current flows
in the corresponding active areca AA. As a result, an off-leak
current which flows 1n the vicinity of side walls of the active
area AA can be eliminated. It a taper TP 1s formed in each of
the floating gate electrodes FG, as 1n the first and second
embodiments, an off-leak current increases in this region.
This embodiment has the effect of suppressing the increase.
The effect will be explained in detail 1n the explanation of the
fourth embodiment.

When trenches for STIs are formed, side walls of each
active area are generally forward tapered. More specifically,
the width of each active area at 1ts sides increases from the top
portion to the bottom portion 1n a section taken 1n a direction
perpendicular to a direction 1 which the STIs extend.
Accordingly, with a conventional manufacturing step, each
recess C cannot be formed 1n a side of the corresponding
active area AA, unlike this embodiment.

Fourth Embodiment

FIGS. 23(A) and 23(B) are sectional views of a NAND-
type tlash memory 300 (to be also simply referred to as the
memory 300 hereinafter) according to the fourth embodiment
of the present invention. FIG. 23(A) 1s comparable to a sec-
tional view taken along the line A-A shown in FIG. 1; and
FIG. 23(B) 1s comparable to a sectional view taken along the
line B-B shown in FIG. 1. The fourth embodiment 1s a com-
bination of the second embodiment and the third embodi-
ment. Accordingly, the fourth embodiment has the effects of
both the second embodiment and the third embodiment.

FIG. 24 1s a graph showing the relationship between a
self-potential V - of floating gate electrodes FG and a drain
current Id which tlows between diffusion layers 40. Referring
to this graph, when, for example, V.. was -0.5 'V, Id 1n the
first embodiment was about 7.31 nA, and Id in the fourth
embodiment or a conventional example was about 3.58 nA.
This means that an off-leak current i the first embodiment 1s
larger than those 1n the fourth embodiment and conventional
example.

In the first embodiment, the tapers TP are formed 1n side
walls of the floating gate electrodes FG. For this reason, each
floating gate electrode FG and the corresponding active area
AA do not face each other 1n the vicimty of the side walls of
the active area AA. This may cause an increase 1n off-leak
current 1n the vicinity of side walls of each active area AA.

To cope with this, in the fourth embodiment, each of
recesses C 1s formed at a position in the vicinity of side walls
ol the corresponding active areca AA where an off-leak current
flows. With this arrangement, an increase 1n off-leak current
can be prevented. As described above, the fourth embodiment
can not only obtain the effects of the first or the second
embodiment and the third embodiment by combining the
embodiments but also effectively prevent an increase in oifl-
leak current caused by 1ntroduction of the first or the second
embodiment.

FIGS. 25 and 26 are sectional views showing the tflow of a
method of manufacturing the memory 300. First, as shown in
FIG. 25, a semiconductor substrate 10 is prepared. The semi-
conductor substrate 10 may be the same as that in the third
embodiment. Accordingly, the semiconductor substrate 10
comprises a semiconductor bulk 11, silicon-germanium layer
16, and semiconductor layer 17. Then, a material for first gate
insulating films 20, a material for the floating gate electrodes
F@G, and a mask material 15 are formed in this order on the
semiconductor substrate 10 1n the same manner as in the

second embodiment. In depositing the material for the float-
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ing gate electrodes FG, germanium 1s mixed into a gas used 1n
the deposition step, similarly to the second embodiment. At
this time, the mixed amount of germanium 1s large at the
beginning of the deposition step and gradually decreases.
With this operation, the concentration of germanium
increases from the top surface of the material for the tloating
gate electrodes FG to the bottom surface.

Next, as shown 1n FIG. 26, a plurality of trenches 12 are so
formed as to extend through the material for the floating gate
clectrodes FG, that for the first gate insulating films 20, the
semiconductor layer 17, and the silicon-germanium layer 16
and reach the semiconductor bulk 11. The trenches 12 are
formed by, e.g., RIE using the mask material 15 as a mask.
Since the reaction rate 1s different between silicon and Ge,
tapers TP are formed at side walls of the floating gate elec-
trodes FG, similarly to the second embodiment. The recesses
C are formed 1n side walls of the active areas AA. After the
steps 1n the first embodiment described with reference to
FIGS. 7 and 8(A), the memory 300 1s completed.

Note that in the third and fourth embodiments, the shape of
cach recess C 1s rectangular, the present invention 1s not
limited to this. For example, the recess C may be curved or
arc-shaped, as shown in FIG. 27. Atthis time, each active area
1s hand drum-shaped. With this shape, 1t becomes easy to
suppress an ofl-leak current.

Each recess C may be formed 1n a part of a side wall of the
corresponding active areca AA. Alternatively, the recess C may
be formed across the side wall of the active area AA, as shown
in FIG. 27. Note that 1t 1s necessary not to narrow the surface
region of each active area AA.

According to the fourth embodiment, 1n the etching step of
forming the trenches 12 for ST1Ts, the tapers TP of the floating
gate electrodes FG and the recesses C of the active areas AA
are simultaneously formed 1n a self-aligned manner. Accord-
ingly, with the manufacturing method according to the fourth
embodiment, the memory 300 can be manufactured easily.

In addition, the silicon-germanium layer 16 can be formed
only by adding a germanium implantation step or mixing
germanium 1n an additional epitaxial step. In the deposition
step of the material for the floating gate electrodes FG, ger-
mamum only needs to be mixed. Accordingly, the manufac-
turing method according to the fourth embodiment can be
implemented only by adding an epitaxial step to a conven-
tional manufacturing method. Instead of Ge, the first element
with a different reactivity to S1 can be used. At this time, 1t 1s
desirable to select a reactive gas so as to adjust the reaction
rate ratio between the first element and silicon. This makes 1t
possible to select whether to form the tapers TP 1n the floating
gate electrodes FG 1n either one or both of directions D, and

D,,.

Fitth Embodiment

FIG. 28 1s a sectional view of a memory 400 according to
the fifth embodiment of the present invention. The memory
400 1s different 1n the shape of recesses C from the memory
300 shown in FIG. 23(A). However, the effects of the memory
400 are the same as those of the memory 300, and only a
manufacturing method therefor will be explained.

FIGS. 29 to 31 are sectional views showing the tlow of a
method of manufacturing the memory 400. In the fourth
embodiment described above, the tapers TP and recesses C
are formed utilizing a change 1n the concentration of germa-
nium. In the fifth embodiment, tapers TP and the recesses C
are formed by an oblique etching. Note that FIGS. 28(A) and
29 to 31 show a section taken 1n a direction along the line A-A
in FIG. 1.
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First, a material for first gate insulating films 20, a matenal
for floating gate electrodes FG, and a mask material 15 are
formed 1n this order on a semiconductor substrate 10, simi-
larly to the first embodiment. Then, trenches 12 shown 1n FIG.
29 are formed. The trenches 12 are formed 1n the same man-
ner as those in the first embodiment. The recesses C are
preferably formed at a depth equal to that where an off-leak
current flows, as shown in FIG. 31.

Next, as shown 1n FIG. 30, one of two side walls of each
floating gate electrode FG and one of two side walls of each
trench 12 are anisotropically etched 1n an inclined direction.
This etching may be the same as that described with reference
to FIG. 4. Since 1n this embodiment, not only the one of the
two side walls of each floating gate electrode FG but also the
one of the two side walls of each trench 12 are etched, 1t 1s
necessary to adjust the incident angle of an etching gas, the
thickness of the floating gate electrodes FG, or the thickness
of the mask material 15.

Then, the other of the two side walls of the floating gate
clectrode FG and the other of the two side walls of the trench
12 are subjected to oblique etching 1n the same manner. As a
result, the two side walls of the floating gate electrodes FG
cach have the corresponding taper TP, and those of the
trenches 12 each have the corresponding recess C, as shown
in FIG. 31. After the steps described with reference to FIGS.
7 and 8(A), the memory 400 1s completed.

According to the fifth embodiment, a NAND-type flash
memory having the same etfects as 1n the fourth embodiment
can be formed using a general bulk silicon substrate not
containing germanium.

In the fifth embodiment, side walls of the floating gate
clectrodes FG and those of the trenches 12 are formed using
oblique etching. Accordingly, as shown 1 FIGS. 32(A) and
32(B), each taper TP can be formed only at one of two side
walls of the corresponding floating gate electrode FG, and
cach recess C can be formed only at one of two side walls of
the corresponding trench 12.

The fifth embodiment can be combined with the first modi-
fication of the first embodiment. This makes it possible to
form the recesses C 1n side walls of the trenches 12 as well as
form the tapers TP at the four side walls of the floating gate
clectrodes FG.

Note that plan views of the memories 200, 300 and 400
according to the third to fifth embodiments are omitted
because they are the same as that shown 1n FIG. 1.

In the above-described embodiments, the tapers TP are
formed at side walls of the floating gate electrodes FG. The
present mvention can be applied to not only a floating gate
clectrode of a memory cell but also a gate electrode of a
MOSFET, and the overlap capacitance can be reduced. Con-
sequently, the flexibility 1n transistor design increases.

The tapers TP of the floating gate electrodes FG according,
to the second to fourth embodiments can be adjusted by
controlling the concentration distribution of Ge. At this time,
cach floating gate FG can be formed to have a T-shape, as
shown 1n FIG. 33.

Additional advantages and modifications will readily
occur to those skilled 1in the art. Therefore, the invention 1n its
broader aspects 1s not limited to the specific details and rep-
resentative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general mventive
concept as defined by the appended claims and their equiva-
lents.

The mvention claimed 1s:

1. A manufacturing method of a nonvolatile semiconductor
storage device comprising;:

10

15

20

25

30

35

40

45

50

55

60

65

14

forming a first gate insulating film on a semiconductor

substrate;

depositing a material for floating gate electrodes on the first

gate insulating film;
forming a plurality of trenches which extend through the
material for the floating gate electrodes and the first gate
insulating film and reach the semiconductor substrate;

ctching side walls of the material for the floating gate
clectrodes to form the floating gate electrodes such that
a lower hem of the material for the tloating gate elec-
trodes facing an element-forming region 1s narrower
than a width of a surface of the element-forming region
in a section taken 1n a direction perpendicular to a direc-
tion 1n which the trenches extend:

forming second gate msulating films on the floating gate

electrodes; and

forming control gate electrodes on the second gate insulat-

ing {ilms.

2. The manufacturing method of the nonvolatile semicon-
ductor storage device according to claim 1, wherein, when
forming the floating gate electrodes, the side walls of the
material for the floating gate electrodes are anisotropically
etched 1n a direction inclined with respect to the side walls.

3. The manufacturing method of the nonvolatile semicon-
ductor storage device according to claim 2, wherein, when
forming the floating gate electrodes, the side walls of the
maternal for the tfloating gate electrodes and side walls of the
clement-forming region are anisotropically and simulta-
neously etched 1n a direction inclined with respect to the side
walls of the matenial for the floating gate electrodes 1n the
section taken 1n the direction perpendicular to the direction 1n
which the trenches extend.

4. The manufacturing method of the nonvolatile semicon-
ductor storage device according to claim 1, wherein, when
depositing the material for the floating gate electrodes, a
mixing ratio of a first element contained in the deposition gas
1s raised at the beginning of the deposition step, and then a
mixing ratio of a second element 1s raised, such that a content
of the first element 1s higher in the vicinity of a bottom surface
of the matenal for the floating gate electrodes than in the
vicinity of a top surface, the second element having a lower
reactivity to an etching gas than the first element.

5. The manufacturing method of the nonvolatile semicon-
ductor storage device according to claim 4, wherein the first
clement 1s germanium, and the second element 1s silicon.

6. The manufacturing method of the nonvolatile semicon-
ductor storage device according to claim 1, wherein the non-
volatile semiconductor storage device 1s a NAND-type flash
memory.

7. A manufacturing method of a nonvolatile semiconductor
storage device comprising;:

forming a first gate insulating film on a semiconductor

substrate;

depositing a material for floating gate electrodes on the first

gate isulating film;

forming a plurality of trenches which extend through the

material for the floating gate electrodes and the first gate
insulating film and which reach the semiconductor sub-
strate, and forming an element-forming region in which
a width of at least a part of a body 1s narrower than a
width of a top surface in a section taken 1n a direction
perpendicular to a direction 1 which the trenches
extend;

forming a second gate insulating film on the material for

the floating gate electrodes; and

forming a control gate electrode on the second gate insu-

lating film.
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8. The manufacturing method of the nonvolatile semicon-
ductor storage device according to claim 7, wherein

the semiconductor substrate comprises a mixed layer
which 1s provided on a semiconductor bulk and which
contains a first element and a second element, and a
semiconductor layer which 1s provided on the mixed
layer and which has a mixing ratio of the first element

lower than a mixing ratio of the first element of the
mixed layer, and

when forming the element-forming region, the plurality of
trenches are so formed as to extend through the material
for the floating gate electrodes, the first gate insulating
f1lm, the semiconductor layer, and the mixed layer and as
to reach the semiconductor bulk, and a width of the body
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of the element-forming region 1s formed to be narrower
than the width of the top surtace of the element-forming
region by selectively etching the mixed layer.

9. The manufacturing method of the nonvolatile semicon-
ductor storage device according to claim 8, wherein the first
clement 1s germanium, and the second element is silicon.

10. The manufacturing method of the nonvolatile semicon-
ductor storage device according to claim 7, wherein a recess
provided on side walls of the element-forming region 1s
formed at a depth of an extension layer being a part of a
diffusion layer which overlaps at both ends of the floating gate
clectrode, or 1s formed at a deeper level than the depth of the
extension layer.
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